Phenological asynchrony between fruit crops and pests consists of a discrepancy between the period of fruit susceptibility and that of high pest abundance in the orchards. Therefore, it may be used for reducing pesticide applications. We assayed the potential phenological asynchrony between peach cultivars with different growing cycles and the Anastrepha fraterculus (Diptera: Tephritidae). To this end, we assessed fruit infestation by A. fraterculus at harvest for one growing season (2012)(2013) in early, average and late maturing peach cultivars. Moreover, the fruit infestation was checked for non-cultivated native and non-cultivated wild exotic plant hosts around the peach orchards of the experimental area during 2013 and 2014. In addition, we monitored A. fraterculus abundance weekly during three consecutive growing seasons, S1 (2011-2012), S2 (2012-2013) and S3 (2013-2014), to assess phenological asynchrony between peach cultivars and A. fraterculus. In particular, we checked the influence of meteorological variables on A. fraterculus abundance, and tested if A. fraterculus abundance at the time when fruits are susceptible differed among cultivars. Eventually we discuss the possibility of sustainable management of peach in southern Brazil. This study constitutes a first assessment of the periods of crop vulnerability and pest presence in peach orchards in South of Brazil and provides necessary information for taking advantage of the phenological asynchrony phenomenon for this pest-crop association.
Introduction
Phenological asynchrony occurs when the periods of crop vulnerability and pest presence do not overlap (Messina & Jones, 1990) . This condition can be induced by varying sowing time (in annual crops) or by choosing cultivars with appropriate growing cycles (in woody crops) if the pest dynamics is not too strongly dependent on that of the crop, i.e. the crop is not a limiting resource for the pest (Asch & Visser, 2007) . Practices inducing or favoring phenological asynchrony are important to support integrated pest management and organic farming, since they guarantee fruit production and reduce the reliance on chemical inputs and, therefore, decrease their related environmental costs (Hammons et al., 2010) . An assessment of the periods of crop vulnerability and pest presence is necessary to take advantage of phenological asynchrony for a given pest-crop association.
Anastrepha fraterculus (Wiedemann) (Diptera, Teph ri tidae) is a fruit pest of great economic importance because it attacks a wide variety of fruit plants and is widely distributed, from northern Argentina to southern USA (Hernández-Ortiz & Aluja 1993) . This species has a multivoltine reproduction pattern and do not have a diapause stage (Aluja & Mangan, 2008) . Consequently the South America fruit fly (A. fraterculus) needs to infest host plants continuously to survive because this species has no mechanisms to bridge any fruit-free period (Aluja et al., 2014) . The females deposit their eggs in ripening fruits (Rosa et al., 2017 ) that consequently will rot and be unmarketable (Härter et al., 2015) .
The Brazilian southwestern region has large extensions of natural pasture fields, with presence or absence of shrubs. In addition, there are isolated patches of native vegetation (Semi Decidual Forest) intermixed with commercial orchards. Among the most common and widespread cultivated A. fraterculus hosts in the temperate region are peach (Prunus persica L.), apple (Malus domestica L.), orange (Citrus sp.) and grape (Vitis sp.), whereas native plant hosts mainly belong to the Myrtaceae Family (Nava & Botton, 2010; Machota et al., 2016) . The fruiting periods of all these tree species provide conditions for A. fraterculus to find plant hosts during all months of the year (Nava & Botton, 2010) . However, abiotic factors, specifically temperature and rainfall, play an important role in tephritid outbreaks (Aluja et al., 2012) . Extreme thermal limits can accelerate or delay the development cycle of tephritid fruit flies (Taufer et al., 2000) .
The South American fly represents a threat for peach cultivars in southern Brazil (Botton et al., 2002) . There, the main peach-producing areas are located in the state of Rio Grande do Sul where the municipalities surrounding the city of Pelotas produce, at least, 90% of the peach national production for the canning industry (Timm et al., 2007) . In this region, peach orchards are commonly managed using a conventional protection strategy and trees are subjected to 4-5 broad-spectrum insecticide treatments against fruit flies per growing season. In addition, protection may be complemented by toxic baits containing hydrolyzed protein (3%) and an organophosphate insecticide (Malathion 1000 CE, 200 mL in 100 L) set on the orchard edges (Härter et al., 2015) .
Pest control is one of the biggest challenges for organic farming, which is increasing in Brazil but still represented less than 2% of the overall production in 2006 (IBGE, 2006) . Peaches are susceptible to damage by A. fraterculus during their ripening period, starting ca. 30 days before harvest (Salles, 1994) . In Rio Grande do Sul, grown cultivars have harvest times extending from mid-October to mid-December. Then, periods of fruit susceptibility vary depending on the cultivar and favoring phenological asynchrony with A. fraterculus may be one option to reduce the application of chemical pesticides.
The present work aimed to assess fruit infestation by A. fraterculus at harvest in early, average and late maturing peach cultivars for one growing season (2012) (2013) . Another objective was to verify fruit infestation for non-cultivated native and non-cultivated wild exotic plant hosts around the peach orchards during 2013 and 2014. In addition, we determined the weekly abundance of A. fraterculus during three consecutive growing seasons, S1 (2011-2012), S2 (2012-2013) and S3 (2013-2014) , in order to assess phenological asynchrony between peach cultivars and A. fraterculus. In particular, this study aimed to check the influence of meteorological variables on A. fraterculus abundance. The hypothesis to be tested was if A. fraterculus abundance at the time when fruits are susceptible could be different among cultivars. Eventually, we discussed the possibility of sustainable management of peach in southern Brazil.
Material and methods

Study area
The study was conducted in the South of the Rio Grande do Sul State, corresponding to the Pampa Biome (Fig. 1) . The studied sites are located within a mosaic of seminatural vegetation, which included grasslands with shrubs and Semi Deciduous Seasonal Forest, intermixed with commercial orchards (Bilenca & Miñarro, 2004; Poppe et al., 2012) .
The most relevant commercial hosts grown in this region are Prunus persica L. (peach), Malus domestica Borkh. (apple), grapes (Vitis vinifera L. and Vitis labrusca L.) and Citrus spp. (citrus) (Bisognin et al., 2015; Machota et al., 2016; Rosa et al., 2017) . Between the most common and widespread non-cultivated fruit fly hosts in this region, plant species from the Myrtaceae family stand out, including Eugenia
(strawberry guava); in addition, Eriobotrya japonica Thunb. (loquat) (Rosaceae) is quite common and abundant in the region (Salles, 1995; Bisognin et al., 2015) . The fruiting period of the fruit tree species present in this region provides e nough availability of plant hosts for the fruit fly during all months of the year (Salles, 1995; Nava & Botton, 2010) . Plant hosts of fruit flies, such as guava (fruit period from March to May), strawberry guava (fruit period from February to April) and loquat 3 (fruit period from July to September), abounded in the surroundings of the experimental area.
According to the Köppen classification system (Peel et al., 2007) , the study area is within the 'Cfa' (without dry season and hot summer) climate region, where average temperatures in the coldest months, July and August, are approximately 11.37 °C. During the warmest months, December and January, the average temperature is around 22.60 °C. Average daily temperature and daily rainfall were recorded from August 2011 to August 2014 at the EMBRAPA weather station closest to the studied orchards (Fig. 1) .
Fruit collection
Fruits were collected from two conventional farms of the study area, each comprising early, average and late maturing peach cultivars (Fig. 1) . The first farm (F2) comprised 12.73 ha devoted to peach production, consisting of early (Precocinho), average (Granada) and late-maturing (Maciel) cultivars. In this farm, phytosanitary management was carried out using a conventional protection strategy. The second farm (F4) comprised 6 ha allocated to peach production, with early (cv. Libra), average (cv. Granada, Sensação and Esmeralda) and late (cv. Santa Aurea) maturing cultivars.
P. persica fruits were collected within orchards while those fruits from non-cultivated hosts were collected in non-cropped areas. First, a survey surrounding the peach orchards was carried out to identify the non-cultivated hosts present in the experimental area. This allowed identifying Eugenia uniflora L., Psidium guajava L. and Psidium cattleianum (Myrtaceae) and Eriobotrya japonica (Rosaceae) as non-cultivated plant hosts present in the experimental area. Then, fruits from these species were collected systematically during the third season of our study (2013 to 2014) to evaluate the fruit fly infestation level according to Table 1 .
Fruit infestation was calculated either as the number of pupae per fruit or as the number of pupae per kg of fruit in order to account for differences of individual fruit weight among host plants (Marsaro Júnior et al., 2013) . The sex ratio was calculated by dividing the number of females by the total number of individuals (males + females) (Silveira-Neto et al., 1976) .
Fruit samplings were adjusted to the host plantfruiting availability. Peach sampling was carried out in 2013 at the harvest time of each cultivar. In total, 110 fruits were harvested from early-maturing cultivars on 30 th October. Mid-maturing cultivars were harvested on two occasions: 198 fruits were sampled on 26 th November and 1 st December, at the beginning of harvest and 145 fruits were harvested on 15 th and 19 th December at the end of harvest. Finally, 69 fruits from late-maturing cultivars were also collected on 15 th and 19 th December. At each sampling date, ripen fruits were collected randomly, directly from the trees and/or the ground. The fruits were packed in bags and sent to the Insect Ecology Laboratory of the Federal University of Pelotas (Rio Grande do Sul) for species identification.
Fruit processing, pupal recovery and fly iden tification
Collected fruits were placed individually in 500 mL plastic pots containing sand and vermiculite, and were covered with voile fixed with elastic tape. Each fruit remained in the pot until the larvae left them (approx. 25 days) to recover pupae, which were kept in plastic containers with vermiculite and a voile cover until the emergence of adults. The emerged insects were counted, sexed and stored individually in 70% ethanol. Each insect was taxonomically identified. The fruit (Aluja et al., 2012) .
Data analysis
Linear models were used to assess if variations in monthly fly abundance depended on i) growing season (S1, S2 and S3), ii) monthly average of mean daily temperature, iii) monthly average of daily rainfall, and iv) the interaction between these two meteorological variables. Generalized mixed models with a Poisson distribution and a log link function were used to assess if the abundance of flies during the fruit susceptibility period (30 days before harvest) differed between early, average and late-maturing peach cultivars. A random 'farm' effect was included in all models to account for the nested design of the study. An individual fly specimens of the genus Anastrepha Schiner were sexed and identified according to Steyskal (1977) and Zucchi (2000) . Females were identified to the species level; males were identified only to the genus level because they do not present specific morphological characteristics (Zucchi, 2000) . In the current study, only individuals from the Anastrepha genus were considered for subsequent analyses.
Fruit fly monitoring
Monitoring was based upon weekly captures along three growing seasons (S1, S2 and S3), from August 2011 to August 2014, in three different farms, F1, F2 and F3 (Fig. 1) where early (Precocinho and Bonão), average (Esmeralda and Granada) and late (Eldorado, Maciel and Jubileu) maturing peach cultivars were grown and harvested on mid-October, mid-November and early December, respectively.
Twenty-seven Mcphail traps, baited with hydro lyzed protein Bioanastrepha® (5%), were installed in the or chards, three per farm and cultivar (Fig. S1 [suppl] ). Details concerning the distance between traps and the orchard surface are shown in Table 2 . Every 7 days, traps were cleaned, their content was renewed and the fruit random effect was included in all models to test for over-dispersion (Harrison, 2014) and residuals were assessed visually. The significance of the fixed factors was tested by successively dropping each independent variable of the complete model (drop1 function). When a qualitative fixed factor with more than two levels was significant, pairwise multiple comparisons were performed using post-hoc Tukey tests (glht function). Statistical analyses were performed using RStudio version 1.0.143 (RStudio Team, 2016 ) and the packages lme4 (Bates et al., 2015) , Multcomp (Bretz et al., 2010) and DHARMa (Hartig, 2016) .
Results
Fruit infestation
In 2013, 77 fruits of E. uniflora were collected, whereas 35 fruits of P. guajava and 41 fruits of P. cattleianum were collected in 2014. In the case of the Rosaceae Family, 522 peach fruits were collected in 2013 and 678 fruits of E. japonica were collected in 2014 (Table 1 ). All flies recovered from these fruits belonged to the Anastrepha genus and all female flies to the A. fraterculus species.
No pupae were recovered from fruits of the early or average peach cultivars collected on the first three sampling dates. In contrast, an average infestation of 4.34 ± 0.45 and 0.75 ± 0.28 pupae per fruit was observed for fruits from average and late-maturing cultivars collected on the two last sampling dates. In average-maturing cultivars, 133 males and 118 females were recovered; the sex-ratio was 0.47. Concerning the late-maturing cultivars, 10 males and 14 females were recovered; the sex-ratio was 0.58.
About the native non-cultivated hosts, the highest infestation level was observed in P. guajava with 6.03 pupae per fruit. In this case, 104 adults were recovered, 49 males and 55 females. The sex-ratio was 0.52. During the same month, April of 2014, an infestation level of 0.75 fruit per pupae in P. cattleianum was verified, and 31 adults were recovered, 17 males and 14 females. The sex-ratio was 0.45. Among the exotic noncultivated plant hosts of fruit fly, E. japonica had the second highest infestation level, 2.23 pupae per fruit. 678 fruits of E. japonica were collected, from which 469 adults were recovered, 269 males and 200 females. The sex-ratio was 0.42. A low infestation level of fruit flies was observed in E. uniflora, 0.02 pupae per fruit.
Fruit fly monitoring
Over the three growing seasons, we trapped 839 Tephritidae flies, all of them belonging to the Anastrepha genus (61% females and 39% males). All the females were identified as A. fraterculus. Peaks of abundance occurred in December and January, independently of the cultivars grown in the orchards (Fig. 2) . The monthly abundance of fruit flies slightly Total fruit fly abundance during the fruit suscep tibility period differed significantly among growing seasons (χ 2 = 7.4; df = 2; p = 0.02), being higher in the second season than in the third one, the first season being intermediate (Table 3) . It also differed significantly depending on the earliness of peach cultivars (χ 2 = 14.91, df = 2; p < 0.001). Fruit fly abundance was significantly higher for latematuring peach cultivars than for those early and averagematuring (late-early: Z = 3.41, p = 0.002; late-average: Z = 3.00, p = 0.007), and similar for the early and average-maturing cultivars (average-early: Z = -0.44, p = 0.90) (Fig. 3) . The interaction between the effect of growing season and cultivar type on fruit fly abundance was not significant (χ 2 = 3.1596; df = 4; p = 0.53).
Discussion
The current work provides a first approach for determining if phenological asynchrony could be used as a means to control pest outbursts affecting peach cultivars in South Brazil. Under these conditions, the main findings of our research were that the highest level of infestation occurred in average-maturing cultivars, while early-maturing cultivars were not infected. In addition, we detected that monthly abundance of fruit flies increased with daily temperature and decreased with monthly rainfall. Moreover, non-cultivated fruit tree species near the orchards acted as hosts for the flies. Furthermore, in the present study, A. fraterculus was the main fruit fly species infesting peaches in Southern Brazil in accordance with Bisognin et al. (2015) and Rosa et al. (2017) . All individuals (i.e. females) that could be identified to the species level belonged to the A. fraterculus species, both in traps and among individuals that emerged from fruits. Consistently, males and females indistinctly infested fruits, as we observed sex-ratios close to 0.5.
Infested fruits were recovered only from average or late maturing cultivars, harvested in mid-December. During winter (June to September), few plant hosts are available in this region. The main and most abundant plant host around the experimental area is E. japonica, which has the peak of fruit production in August. Our data showed a higher infestation index of 2.23 and 0.21 fruit per pupae in August of 2014. These data highlight an important point to consider: weather conditions (temperature and relative humidity), because these are essential factors for the life cycle of insects (Hedström, 1992) . The average temperature in July of 2013 and 2014 in the experimental area was 11.3 and 12.6 °C, respectively. Development and adult movements of A. fraterculus become faster as temperatures increase from 22 °C to 27 °C, remaining slow for temperatures below 18 °C (Salles, 1995) . To complete the biological cycle (egg to adult) of the South America fruit fly takes approximately 88 days with temperatures around 15°C (Salles, 1995; Nava & Botton, 2010) . If the temperature is lower, more days will be necessary to complete the biological cycle (Hedström, 1992; Nava & Botton, 2010) . Therefore, if we consider that the oviposition occurred around 15 th August, the adults will emerge after 15 th November in the experimental area. After emergence, adults of fruit flies need to feed and they need some days to become sexually mature. This period (since egg stage until the female oviposit the first viable egg) is called period of pre-oviposition. The length of this period varies with temperature, being around 7 days at 25 -30° C and 19 days at 20 °C. The average temperature in November of 2013 in the experimental area was 19.88 °C; this means that adults would become ready to infest fruits around the 2 nd week of December, as observed in the peach sampling carried out in the experimental area. The trapping results reflect the observations of peach infestation recorded in the field. In the current study, average temperatures did not reach the favorable range for A. fraterculus before November (Fig. 2) and, consequently, fly populations peaked in December whatever the cultivar and year. The high proportion of females obtained in the trap samples may result from the trapping methodology since protein baited traps attract more females than males due to their need to feed on protein to mature sexually and to be able to mate (Houston, 1981; Aluja et al., 2012) . The trapping results strongly suggest that the lower infestation in early-maturing cultivars resulted from a phenological asynchrony with fruit fly populations, since less flies were trapped during the fruit susceptibility period of early cultivars. A more favorable range of temperatures and the overlap of fruit period with different plant hosts, like P. cattleianum and E. uniflora, may have determined the higher abundance of flies late in the season. These native non-cultivated fruit trees are considered multiplying hosts of A. fraterculus and, thus, are sources of infestation in peach orchards (Bisognin et al., 2015) .
In the current study, while fruit fly populations peaked in December or January during the three studied growing seasons, their actual abundance varied from year to year, as previously observed in Southern Brazil by Rosa et al. (2017) , and for other species of the Anastrepha genus in Latin America (Aluja et al., 2012) . In addition to direct effects of variations in climatic conditions, the abundance of fruit flies in orchards may be affected by the presence of fruiting wild host plants that may maintain or increase both fly populations and those of their natural enemies (Aluja et al., 2014; Schliserman et al., 2016) . An interesting fact is that the peak of fruit flies captured (December January) was particularly high in orchards with early-maturing cultivars. This should be interpreted cautiously because, although it demonstrates that A. fraterculus population exploited the site to obtain food and shelter, it is also possible that the traps were more attractive during that period due to the low abundance of fruits after harvest (Hendrichs & Hendrichs, 1990) .
Although this study was carried out at a local scale, the results observed are relevant at a global level since earlyripening varieties of peach can suffer less attacks of tephritid flies worldwide. The fact that taking advantage of phenological asynchrony with fruit fly seasonality could be investigated in other regions and for fruit trees that have fruiting periods during the coldest months of the year, when it is too cold for tephritid fruit fly attacks. Similar results to those reported in the current study were found in peach orchards in Tunisia (Hafsi et al., 2016) , with a very different climate and soil conditions than those of the current study. These authors demonstrated that early cultivars of peach suffered less attacks of Ceratitis capitate (Diptera: Tephritidae) than mid-maturing varieties (Hafsi et al., 2016) . The trapping results of this research showed that, at the beginning of the season, the number of tephritid flies were low and it increased gradually as temperatures increased to about 29 °C and as host fruits became available in nearby fields (Hafsi et al., 2016) . Therefore, the pattern of tephritid flies in this study was similar to that of the present survey. To demonstrate the moments when the lower densities of fruit flies occur in Southern Brazil is a great contribution to the design of integrated pest management (IPM) strategies, since some strategies for pest control, e.g. attract and kill bait station, are more efficient at lower densities than when the density of tephritid flies is heavy (Hafsi et al., 2016) . Moreover, this would be particularly important for organic peach production for which fruit flies are an important limitation in Southern Brazil (Härter et al., 2015) . The increase of organic crop production worldwide (Ozinci et al., 2017) has raised questions about the design of specific organic crop ideotypes in breeding programs (Löschenberger et al., 2008; Crespo-Herrera & Ortiz, 2015) .
Resistance to herbivores and diseases is one of the main targets for organic crops (Bruggena & Termorshuizen, 2003) . Selecting for different pheno logies in crops is feasible and generally aims at adapting crops to new growing regions (frost escape) (Papanikolaou et al., 2005) or increasing the range of harvest dates for commercialization purposes (Raseira & Bonifacio, 2006) . Few examples exist that specifically aim at phenological asynchrony with herbivores (Hammons et al., 2010) . In Southern Brazil, most peaches are harvested for the canning industry and late-maturing cultivars are nowadays the most suited ones for this aim because of their better texture and lesser browning susceptibility (Techakanon et al., 2016) . Our results indicate that a more sustainable peach farming needs that breeding programs aim at producing early-maturing peach cultivars that fulfill the aforementioned characters. As for any pest resistance that is bred into crops, evolutionary processes are expected to select pests that overcome this resistance, hereby increasing their phenological synchrony with hosts (Combes, 2001; Asch & Visser, 2007) . However, since fruit flies are polyphagous and depend on a number of cultivated and wild hosts, selection for asynchrony with peach trees may not be very strong.
In summary, our results suggest that promoting phenological asynchrony between peach cultivars and 8 A. fraterculus could help to develop a more sustainable peach production and, specifically, limit insecticide use during the growing season. This study constitutes a first assessment of the periods of crop vulnerability and pest presence in peach orchards in South of Brazil and provides necessary information for taking advantage of the phenological asynchrony phenomenon for this pest-crop association. Moreover, we detected that noncultivated fruit tree species near the orchards acted as hosts for the flies. Therefore, a deeper research on the combined effects of peach cultivar characteristics and those from other hosts on fruit fly populations will be necessary to improve their control in fruit-tree orchards.
